We report about RF injection locking of an homogeneous THz quantum cascade laser operating at 3 THz central frequency. The extremely diagonal nature of the optical transition, combined with low-loss copper-based double-metal waveguides, allow CW operation up to 105 K and CW power in excess of 5.6 mW measured at 80 K. Terahertz emission spanning up to 600 GHz, together with a narrow beatnote, indicate comb operation at 80 K, and strong RF injection clearly modifies the laser spectrum up to 700 GHz spectral bandwidth making these devices ideal candidates for an on-chip dual comb spectrometer.
Introduction
Frequency combs have had a tremendous impact in several domains since their demonstration in the early 2000s [1, 2] . High-precision spectroscopy [3] and especially dual comb spectroscopy [4] have greatly benefited from the advancement of such sources. The extension of this concept to the different regions of the electromagnetic spectrum has often involved non-linear techniques starting from an ultrafast mode-locked laser operating in the visible or near-infrared. The understanding that sources with perfectly equidistant modes and a well-defined phase relation can be achieved even without ultrafast pulses opened the door to the extension of frequency combs to the mid-IR and THz through optically pumped microresonators [5] and electrically pumped quantum cascade lasers [6, 7] .
Mid-IR and THz spectral regions are especially important in the fields of sensing and spectroscopy since many chemical species have strong absorption lines there. Such developments gave large momentum to the effort of integrating comb-based spectroscopy platforms onto chip-sized platforms [8] . Quantum cascade lasers [9] are intrinsically well suited to be applied for on-chip integration and a rapid development of QCL-based comb sources has been observed in the past few years. THz QCLs have been shown both to emit ultrashort pulses via active mode locking [10, 11] and/or RF switching techniques [12] and also to present wide spectral bandwidth coverage [13] [14] [15] in comb emission without pulses [16, 17] . Comb operation can be controlled with dispersion compensation [7, 18, 19] and/or with efficient RF injection locking to metrological sources [20, 21] .
The requirements for having a robust comb operation are as follows. A wide spectral bandwidth active region that has to feature a reasonably low threshold current density to ease continuous wave (CW) operation over the whole dynamic range, a low-loss waveguide with eventual dispersion [7] and mode control to have only longitudinal modes excited during operation [12] .
In this paper, we report on recent advances for producing high-power THz QCL-based combs operating above the technologically important barrier of liquid nitrogen, T = 77 K. In order to improve the performance of our laser ridges, in the present study (for comb generation), we employ low-loss Cu-Cu metal waveguides following the procedure described in Ref. [22] , where they were used in combination with a high-gain two-quantum well structure to increased the maximum operating temperature of THz QCLs up to 210 K. We investigate pulsed and CW output power, their temperature performance and the coherence of comb generation at a temperature of 80 K of such Cu-Cu devices. Further, the comb state is stabilized by RF injection locking and even extended under strong RF injection.
Results
The active region employed is a four-quantum-well super-diagonal structure that features a low threshold current density (J thresh = 103 Acm −2 resp. J thresh = 157 Acm −2 in CW at 20 K resp. 80 K), a wide gain bandwidth and a strong photon driven transport, indication of a long upper state lifetime [23] . The presented active region is fabricated into double-metal ridge waveguides, defined by Inductively Coupled Plasma (ICP) dry-etching, cleaved to the desired cavity length and indium soldered to a copper submount. Figure 1a shows LIV measurements of a 4 mm long and 86 µm wide double-metal (Cu-Cu) laser ridge as a function of the heat sink temperature both in pulsed and CW operation. Pulsed operation is observed up to 138 K while CW operation stops at 96 K for devices exhibiting a side-absorber with nickel (side-absorber: setback of the top contact on both sides with evaporated nickel. Nickel can be applied during the fabrication process or later on mounted devices. The absorbers have been shown to be instrumental for achieving regular mode spacing in double-metal THz QCLs [12] ). Such values are found consistently higher than what is measured on the same epilayer employing Au-Au waveguides. The same device, before having nickel evaporated, even showed CW operation up to 105 K with a threshold current density of 263 Acm −2 with the corresponding spectrum shown in the inset of Figure 1b . The pulsed THz power is detected by the Absolut THz Power Meter by Thomas Keating Ltd (TK) and in CW by the 3A-P-THz by Ophir. The large size TK detector allows direct detection of the unfocused beam in front of the cryostat, whereas the beam for CW detection is focused via two off-axis 90 • parabolic mirrors (2 diam., f/1). The CW powers are then corrected to collection losses of the mirrors and atmospheric absorption. Pulsed peak power and CW peak power are very similar, showing a weak temperature dependence up to 70 K with values close to 8 mW. At 80 K, we still measure 5.6 mW in CW at rollover. The output power of the Cu-Cu lasers is also considerably increased with respect to the Au-Au waveguides (data not shown) [23] at temperatures above 70 K.
In Figure 1b , we compare the temperature dependence of the threshold current density both in pulsed and CW between Au-Au and Cu-Cu waveguides. The impact of the low-loss Cu-based waveguide is clear, yielding an increase of T max of 35 K in pulsed operation and of 10 K in CW. It has to be mentioned that the comparison is not entirely rigorous since the length of the devices are different, i.e., 1.45 mm resp. 4 mm for Au-Au resp. Cu-Cu device , although they have nearly the same width (65 µm resp. 64 µm). Additionally, the temperature dependence of the threshold current can be fitted to J th (t) = J 0 · exp[T/T 0 ] (in log-scale a line: only temperatures above 70 K for each measurements were considered). T 0 allows to compare different devices and are listed in Figure 1b . The increased T 0 for the Cu-Cu device compared to the Au-Au device in CW indicates an improved temperature performance.
Inspecting the I-V curve, we can note a very strong photon-driven transport yielding a dynamic range that extends with temperature. This is the consequence of the low-loss waveguide combined with a diagonal active region. The maximum current flowing in the structure under laser action depends on the upper state lifetime (J ∝ 1 τ up ) and on the optical field inside the cavity [24, 25] . When the temperature increases, the upper state lifetime decreases and the dynamic range is extended since the threshold does not move significantly up to 60 K.
The spectral emission of the same Cu-Cu laser as in Figure 1b at T = 80 K is reported in Figure 2 : broadband emission covering over 600 GHz and spectral indication of harmonic states [26, 27] are observed. Consistently, the appearance of strong and widely spaced modes with weaker modes in between is observed as it is, for example, very pronounced at 555 mA or 690 mA in Figure 2 .
The presented spectra reflect different states in the beatnote map, i.e., high-phase noise, single or multi beatnote regime, shown in Figure 3 at T = 80 K and are discussed in the next paragraph. We then probe the coherence properties of the lasers by recording the electrically detected intermode beatnote as a function of the injected current for different temperatures. In this case, the laser cavity is the same 4 mm long and 64 µm wide Cu-Cu device as in Figure 1b . No intentional dispersion compensation schemes are implemented. The device is mounted infront of the focused FTIR port with a polytetrafluoroethylene (PTFE, teflon) slab (transmission of~70%) in between to prevent saturation of the internal detector; this also reduces the feedback. The observed effect of feedback only results in constant shifting/jitter of the beatnote frequency (self-mixing effect [28] ) in the kHz range due to the constant mirror movement, but not in broadening or destabilisation. This is the configuration for all the following measurements. The CW power at 20 K resp 80 K at rollover is 5.2 mW resp 4.0 mW for this device. As the lasers are operating in CW above 70 K, we can investigate high-temperature coherence behaviour and from the data reported in Figure 3 , we can see that a well defined beatnote at the roundtrip frequency is present up to 80 K and even above (not shown). We observe that, in fact, the regions of current where only one well defined beatnote is present, indicated by the pink boxes on the left side of each beatnote map, are more extended as the temperature is increased. Such behaviour is significantly different from what is observed with devices from the same epilayer processed as Au-Au ridges [23] .
A possible explanation of this phenomenon is the increased optical field inside the laser cavity combined with the fairly low repetition rate of the investigated devices. The fundamental quantity entering the master equation describing the mode coupling in multimode lasers (i.e., QCLs) is the Rabi frequency written as Ω R = |E cav |d/h where d is the electrical dipole of the intersubband laser transition [26, 29] and |E cav | the electric field amplitude. If the internal optical field |E cav | is high the peak of the non-linear parametric gain is detuned by Ω R /2 and then, for low repetition rates, is not directly favoring four-wave mixing-induced proliferation of nearest neighbour Fabry-Perot modes. The fact that we often observe the high-phase noise instead of the harmonic state indicates that there must be additional parameters influencing the locking mechanism. Other factors to be taken into account are the relatively long upper state life time of the laser (surely longer than 40 ps [30] measured in our previous, less diagonal design), which would result in an intermediate behaviour between AM and FM comb regimes, and the spatial hole burning [31] . The latter is probably reduced for lower temperatures due the particular photon-driven transport in these devices, which leads to a low differential conductance even though the low-loss subwavelength waveguides leads to higher fields. We can further control the coherence of the QCL by means of RF injection locking [32] . Figure 4a shows the injection locking map when the external RF synthesizer frequency is tuned through the repetition rate. As we generally mount chips containing two laser ridges, the synthesizer RF output power of -10 dBm is injected through the neighbouring (unbiased) laser used as an antenna, and the beatnote is measured directly on the laser bias line through a high-frequency bias-tee. The characteristic side modes as well as pulling towards the injection signal and the final locking are observed. Figure 4b shows a free running and injected spectrum. The injected spectrum shows a marginal change for the low injection power. In Figure 4c , we present the narrow (<2 kHz) free running beatnote as well as the lower frequency components. The beatnote has a signal-to-noise of 50 dB and, by injection, we retrieve the same noise floor at low frequencies. Unchanged low-frequency components indicate that, by injection, no destabilization of the comb state occurs. Signals around 2.4 GHz come from the pick up of WiFi signals and below 1 GHz are spurious signals also observed below the lasing threshold. We note that weak injection locking should not change the underlying comb state and only stabilize it, as already observed in Ref. [33] . 9 . 9 0 9 0 9 . 9 0 9 5 9 . 9 1 0 0 9 . 9 1 0 5 RF Frequency (GHz) 9 . 9 0 8 5 9 . 9 0 9 0 9 . 9 0 9 5 9 . 9 1 0 0 9 . 9 1 0 5 In a successive series of measurements, the RF injection via the neighbouring laser is replaced by direct injection on the bias line and observing the beatnote via the neighbouring laser as an antenna. Using a bias-tee this change is done under operation where the laser shows a clear single and narrow beatnote which is then picked up by the neighbouring ridge (with no bias applied) with a reduced intensity. By the direct injection on the bias line an increased modulation can be achieved which results together with an increased synthesizer injection power of 30 dBm in a broadening of the spectra as shown in Figure 5a . Under RF injection the missing modes are excited and the spectral coverage reaches more than 700 GHz. The nominal FTIR resolution of 2.25 GHz is unable to prove the coherence. Nevertheless, by interpolating, i.e., zero-padding before performing the FFT, the peak position of each mode can be extrapolated. Therefore, Figure 5b presents the mode spacing extracted from the intensity spectrum in Figure 5a which agree well with the free running beatnote and injected frequency. A full proof of the coherence between all modes would need intermode beatnote spectroscopy [6] or SWIFT [7] measurements which would require a sufficient fast THz detector. SWIFT measurements would additionally reveal information of the FM and AM type of the comb emission. Measurements from mid-IR QCL suggest that by strong injection the naturally FM and AM comb regime goes into an AM comb regime, i.e., pulses [33, 34] . These findings would also indicate that weak injection preserves the underlying comb state whereas strong injection fundamentally changes the operating state. 
Conclusions
We showed the impacts of low-loss Cu-Cu waveguides on laser performance, allowing pulsed operation above 135 K and CW above 95 K, more than 30 K resp 10 K higher than the respective Au-Au counterparts [23] . Simultaneously, output power of roughly 8 mW in pulsed and CW up to 70 K and 5.8 mW in CW at 80 K for a 4 mm long and 85 µm wide device are found. Further, free running comb operation and its injection locking at a temperature of 80 K are demonstrated. By strong injection, the underlying comb state at 80 K is significantly changed, resulting in an increased emission width from 600 to 700 GHz and change in the individual mode intensities. The demonstration of a stable, RF-injected comb at 80 K is significant in view of the application of such devices in dual comb experiments and setups [35, 36] . 
